We designed a rapid assay that (i) assesses the polychlorinated biphenyl (PCB)-degradative competence and congener specificity of aerobic microorganisms, (ii) identifies strains capable of degrading highly chlorinated biphenyls, and (iii) distinguishes among those that degrade PCBs by alternative pathways. Prior attempts to assay PCB-degradative competence by measuring disappearance of Aroclors (commercial PCB mixtures) have frequently produced false-positive findings because of volatilization, adsorption, or absorption losses. Furthermore, these assays have generally left the chemical nature of the competence obscure because of incomplete gas chromatographic resolution and uncertain identification of Aroclor peaks. We avoided these problems by using defined mixtures of PCB congeners and by adopting incubation and extraction methods that prevent physical loss of PCBs. Our assay mixtures include PCB congeners ranging from dichloro-to hexachlorobiphenyls and representing various structural classes, e.g., congeners chlorinated on a single ring (2,3-dichlorobiphenyl), blocked at 2,3 sites (2,5,2'5'-tetrachlorobiphenyl), blocked at 3,4 sites (4,4'-dichlorobiphenyl), and lacking adjacent unchlorinated sites (2,4,5,2',4',5'-hexachlorobiphenyl). The PCB-degradative ability of microorganisms is assessed by packed-column gas chromatographic analysis of these defined congener mixtures following 24-h incubation with resting cells. When tested with 25 environmental isolates, this assay (i) revealed a broad range of PCB-degradative competence, (ii) highlighted differences in congener specificity and in the extent of degradation of individual congeners, (iii) predicted degradative competence on commercial PCBs, and (iv) identified strains with superior PCB-degradative ability.
We designed a rapid assay that (i) assesses the polychlorinated biphenyl (PCB)-degradative competence and congener specificity of aerobic microorganisms, (ii) identifies strains capable of degrading highly chlorinated biphenyls, and (iii) distinguishes among those that degrade PCBs by alternative pathways. Prior attempts to assay PCB-degradative competence by measuring disappearance of Aroclors (commercial PCB mixtures) have frequently produced false-positive findings because of volatilization, adsorption, or absorption losses. Furthermore, these assays have generally left the chemical nature of the competence obscure because of incomplete gas chromatographic resolution and uncertain identification of Aroclor peaks. We avoided these problems by using defined mixtures of PCB congeners and by adopting incubation and extraction methods that prevent physical loss of PCBs. Our assay mixtures include PCB congeners ranging from dichloro-to hexachlorobiphenyls and representing various structural classes, e.g., congeners chlorinated on a single ring (2,3-dichlorobiphenyl) , blocked at 2,3 sites (2,5,2'5'-tetrachlorobiphenyl), blocked at 3,4 sites (4,4'-dichlorobiphenyl), and lacking adjacent unchlorinated sites (2,4,5,2',4',5'-hexachlorobiphenyl). The PCB-degradative ability of microorganisms is assessed by packed-column gas chromatographic analysis of these defined congener mixtures following 24-h incubation with resting cells. When tested with 25 environmental isolates, this assay (i) revealed a broad range of PCB-degradative competence, (ii) highlighted differences in congener specificity and in the extent of degradation of individual congeners, (iii) predicted degradative competence on commercial PCBs, and (iv) identified strains with superior PCB-degradative ability.
Polychlorinated biphenyls (PCBs) were widely used in a number of industrial applications for nearly 50 years and, as a consequence, became widely distributed in the environment. Although PCBs can be at least partially degraded by biological, chemical, and photochemical means, concern has arisen over their persistence in the environment.
In the last 12 years, there have been numerous reports of bacterial degradation of chlorinated biphenyls containing one to three chlorines but few reports of degradation of the more highly chlorinated congeners (6, 10, 12 ; reviewed in reference 5). It is precisely the more recalcitrant PCBs, those with four or more chlorines, that are of greatest environmental concern. The report of Furukawa et al. (6) of two bacterial species that are capable of degrading tetrachloro-and pentachlorobiphenyls suggested that there might be other microorganisms with similar or better PCBdegradative competence. The discovery of such organisms would have a major impact on the development of effective biodegradative processes for cleanup of PCB-contaminated sites. We report here a novel assay specifically designed to rapidly identify microorganisms capable of degrading highly chlorinated biphenyls. Moreover, the assay distinguishes among organisms which may use alternative degradative pathways and highlights differences in congener specificity.
MATERIALS AND METHODS
Bacterial strains. H8 is a mixed culture derived from a landfill containing PCB-contaminated dredge spoils and enriched by repeated transfer on biphenyl medium. Corynebacterium sp. MB1 and Alcaligenes eutrophus H850 were isolated as previously described (3) . All other bacterial strains We determined the amount of loss of PCBs by nonspecific adsorption to cells by monitoring the recovery of PCBs from dead-cell controls by using several extraction methods. Several bacterial species were used, including Alcaligenes eutrophus, a Corynebacterium sp., and Pseudomonas putida. Extraction with hexane frequently gave nonuniform recovery of PCBs. Nearly half of the samples exhibited progressively poorer extraction of those congeners with longer retention times ( Table 1 , column 1). We observed no differences in extraction efficiency for different bacterial species.
Since Triton X-100, a nonionic surfactant, increases the solubility of PCBs by a factor of 105 (T. Su, personal communication) and also disrupts cell membranes, we reasoned that addition of this surfactant to the cell suspension might improve the extraction of PCBs from cells. When Triton X-100 (final concentration, 1%) was added to the cell suspension prior to hexane extraction, all congeners except the first (2,4'-or 2,2'-dichlorobiphenyl) were uniformly and efficiently extracted for all species tested (Table 1 , column 2); these two congeners were often extracted with 10 to 15% lower efficiency. Extraction of the surfactant-treated samples with a 1:1 hexane-ether mixture gave uniform recovery of all congeners with the Corynebacterium sp., but did not significantly improve the recovery of these dichlorobiphenyls with A. eutrophus and gave nonreproducible results with P. putida. Since 2,4'-and 2,2'-dichlorobiphenyl were completely degraded in nearly all the strains we tested, the slightly lower recovery of these congeners was not a significant problem.
Limitations of biodegradation assays witli commercial PCB mixtures (Aroclors). There (Fig. 1) . Several investigators (2, 4, 7) have noted that the pattern of chlorination may influence biodegradation, but no comprehensive study of this phenomenon has been done. Furukawa and co-workers (6, 7) noted that 2,4,4'-and 2,3,2',3'-chlorobiphenyls were rapidly degraded by Acinetobacter sp. P6, whereas 2,5,2',5'-and 2,3,5,6-tetrachlorobiphenyls were not. We included these congeners to identify cultures which resembled P6 as well as those with ability to degrade congeners that were not readily degraded by P6.
The seven-congener mixture was used to assay 20 mixed bacterial cultures derived by enrichment from PCBcontaminated sites and a strain of Corynebacterium sp. This assay successfully identified a mixed culture with exceptional and novel PCB-degrading activity. Nevertheless, the assay had limitations; most of the cultures we screened could degrade only two or three of the congeners (generally 2,4,4'-, 3,4,2'-, and 2,3,2',3'-chlorobiphenyls). Although this information gave an indication of which cultures were exceptional (such as H8), the assay lacked the sensitivity to discriminate among cultures with less extensive degradative competence.
(ii) Improved congener mixtures. Because of the limitations of the seven-congener mixture, we developed two defined congener mixtures encompassing a broader range of congeners (dichloro-to hexachlorobiphenyls). Our intent was to define assay mixtures that would allow us to (i) assess the degradative competence and congener specificity of a large number of isolates, (ii) readily identify strains capable of degrading highly chlorinated biphenyls, and (iii) distinguish among those strains which degrade PCBs by alternative pathways.
A brief discussion of the structure of PCBs and the most commonly observed route of PCB degradation will provide the basis for understanding our choice of congeners. Figure  1 shows examples of several structural classes of PCB. There are four equivalent ortho positions (2, 6, 2', and 6'), four equivalent meta positions (3, 5, 3', and 5'), and two equivalent para positions (4 and 4').
Several investigators (1, 6, 8, 12) have proposed that bacterial PCB degradation is initiated by the attack of a dioxygenase at carbon positions 2,3 (or 5,6). Available evidence (6) suggests that a necessary requirement is the availability of a 2,3 (or 5,6) site free of chlorines. Theoretically, a 2,3-dioxygenase should be capable of degrading 4,4'-dichlorobiphenyl (Fig. 1, panel C) , which has four free 2,3 sites, but not 2,5,2',5'-tetrachlorobiphenyl (panel D), which has none. We reasoned that some bacteria might, instead, possess a dioxygenase which preferentially attacks at carbon positions 3,4 (or 4,5). These bacteria should be capable of degrading 2,5,2',5'-tetrachlorobiphenyl but not 4,4'-dichlorobiphenyl. Both types of bacterium would be expected to degrade congeners chlorinated on a single ring (panel B), and neither would be expected to attack congeners that lack adjacent unchlorinated sites (panel E). Alternatively, some bacteria might have a monooxygenase that would attack such congeners in addition to all the congeners attacked by either type of dioxygenase. PCBs with two or more ortho chlorines (panel F) are particularly resistant to degradation by 2,3-dioxygenases (7), possibly because steric interference from the ortho chlorines impairs approach to the active site of the enzyme. We included congeners of each of these structural classes (panels B through E) in our two basic PCB congener mixtures.
An additional consideration was the degree of chlorination. We deliberately included congeners that we thought would be readily degradable (2,3-and 2,4'-dichlorobiphenyls) and others that we thought would be accessible to both 2,3-and 3,4-dioxygenase attack but would be increasingly difficult to degrade owing to the degree of chlorination (2,5,4'-, 2,3,2',5'-, and 2,4,5,2',3'-chlorobiphenyls.) To allow normalization of results, we included, as an internal standard, a PCB congener that was not degradable by our cultures. Our initial choice of internal standard was 2,4,5,2',4',5'-hexachlorobiphenyl, which has no adjacent unchlorinated sites. However, during our studies, we isolated two bacterial strains capable of degrading this congener and modified the mixtures to include 2,4,6,2',4'-pentachlorobiphenyl as an internal standard.
The final considerations in selecting congeners were GC retention times (so that all congeners in a mixture would be resolved by packed-column GC) and response factors (so that most congeners would yield comparable areas on an electron capture detector). The components of our basic defined congener mixtures, PCB mixtures 1B and 2B, are given in Fig. 2 .
Degradation of defined congener mixtures and Aroclor 1248 by three bacterial strains. We chose three bacterial strains which differed in PCB-degradative ability to evaluate the performance of the defined congener mixtures. Since the value of this assay depends on its ability to predict degradative competence on those PCB congeners which are common environmental contaminants, we also studied the degradation of Aroclor 1248. This Aroclor contains nearly all of the PCB congeners present in two of the most common PCB mixtures found in the environment, Aroclors 1242 and 1254.
The defined congener assay clearly demonstrates the differences and similarities in the PCB-degradative competence of these strains (Fig. 2) . The chromatograms reveal that MB1 and H337 degraded many of the same congeners, whereas LB405 attacked a different group of congeners. Closer analysis shows that MB1 degraded all of the congeners that were metabolized by H337 (some to a greater extent) but also had activity against three more highly chlorinated congeners. The results with the Aroclor 1248 assay were comparable; MB1 degraded all but one of the peaks attacked by H337 but degraded many to a greater extent, including five tetrachloro-and pentachlorobiphenyl peaks that were not attacked by H337.
The results for LB405 also illustrate the close correlation of the data obtained from the defined congener assay and the Aroclor 1248 assay. It is evident from both assays that LB405 has a greater range of degradative ability and different congener specificity than either of the other strains. However, whereas the defined congener assay permits immediate identification of those congeners which were degraded, this information is difficult to derive from the Aroclor assay for the reasons '-hexachlorobiphenyl when assayed in this mixture but was clearly demonstrated to degrade this congener and to generate a metabolite when the congener was assayed separately. As noted elsewhere in this paper, the degradation of some congeners may be adversely affected by other congeners in the assay mixture. The information that the defined congener assay provides on congener specificity permits us to speculate about the nature of the enzymes responsible for PCB degradation. The similarities in congener specificity between H337 and MB1 suggest that the initial PCB-degradative enzymes in these strains are basically very similar, with only those differences that might be expected for closely related enzymes which differ slightly in binding site geometry or in rate of reaction. This is particularly interesting, since MB1 is a Corynebacterium sp. (gram positive) derived from a site in Wisconsin, whereas H337 is an unidentified gram-negative organism isolated from Hudson River sediment in New York. These two strains attack only congeners with open 2,3 sites; hence, they probably use a 2,3-dioxygenase. On the other hand, the third strain, LB405, may utilize a 3,4-dioxygenase.
Our comparison of the degradative profiles of each of these strains on the defined congener mixtures and on Aroclor 1248 permits us to draw several conclusions. The use of PCB mixtures 1B and 2B to assess PCB-degradative competence allows us to (i) determine the range of degradative competence, (ii) predict degradative competence on commercial PCB mixtures (Aroclors), (iii) determine differences in congener specificity, and (iv) identify differences in the extent of degradation of individual congeners.
Screening environmental isolates for PCB-degradative competence. We used our defined congener mixtures to screen the PCB-degradative competence of 25 bacterial strains. The results (Fig. 3) confirm the sensitivity of the assay for discriminating PCB-degradative ability. This permitted rapid identification of two organisms with superior degradative competence, A. eutrophlus H850 and P. putida LB400.
Furthermore, the data obtained from the assay afford some insight regarding the nature of the PCB-degradative enzymes operative in these organisms. The PCB congeners are arranged into four groups according to whether they have free 2,3 sites, free 3,4 sites, both, or neither. Within each group, the congeners are arranged by relative ease of degradation by these strains. Although the data suggest that most of our isolates utilize a 2,3-dioxygenase, it is quite clear that open 2,3 or 3,4 sites or both are not the only criteria for degradation. Several examples will illustrate the kinds of information that these assays can yield about the PCBdegradative enzymes responsible for the initial attack.
Since all of these bacteria degraded 2,4'-dichlorobiphenyl, they are all capable of attacking a chlorinated ring, yet they differed considerably in their abilities to degrade 2,2'-and 4,4'-dichlorobiphenyls. Strains H336, Pi918 LB400 were partially distinguished from the majority by their limited ability to degrade 4,4'-dichlorobiphenyl (Fig. 3 ), yet these same strains readily degraded 2,2'-dichlorobiphenyl. Curiously, they degraded 2,4,4'-trichlorobiphenyl more efficiently than the simpler 4,4'-dichlorobiphenyl. These data suggest that the ortho chlorine may facilitate enzymatic attack by these four organisms and that they may preferentially attack the dichlorinated ring of 2,4,4'-trichlorobiphenyl. This was substantiated in H850 by the observation that this strain stoichiometrically degraded 2,4,4'-trichlorobiphenyl to 4-chlorobenzoic acid (data not shown), hence it is the dichlorinated ring which is attacked and cleaved. It is further supported by the observation that these four strains all degraded 2,4,2',4'-tetrachlorobiphenyl.
The assay identified two strains, A. eutrophus H850 and P. putida LB400, which were able to degrade congeners blocked at all 2,3 (and 5,6) positions. Both of these strains exhibited exceptional PCB-degradative competence, and both had the ability to degrade 2,4,5,2',4',5'-hexachlorobiphenyl, a congener with no adjacent unchlorinated carbons. These unique abilities suggest the presence of novel PCB-degradative enzymes, such as a 3,4-dioxygenase, monooxygenase, or dehalogenase, or a dioxygenase capable of attacking at a chlorinated site, in these two strains (3; L. H. Bopp, J. Ind. Microbiol., in press).
Defined PCB mixtures tailored to address finer details of congener specificity. Additional congener mixtures can be designed to gain more information about the congener specificity of bacterial strains of particular interest. For example, a mixture can be designed to screen for the ability to degrade particularly recalcitrant PCB congeners or to learn how the chlorine substitution pattern on each ring influences biodegradability.
Several rules apply in formulating convenient assay mixtures. (i) One or more degradable PCB congeners should be included in each mixture to act as positive controls for 2,3-and 3,4-dioxygenase activity. (ii) A PCB congener which is not degradable by the microorganisms being tested should be included as an internal standard. (This may involve some trial and error. One can make some guesses as to which congeners will not be degraded, but the final test is the assay. If, as in the case of LB400, the internal standard is degraded, another must be chosen.) (iii) The congeners should be easily separable by packed-column GC. (iv) The concentrations of congeners should be such that detector response is in the linear range. degree of ortho substitution affects degradation. PCB congeners 4,4'; 2,4,4'; 2,4,3',4'; 2,3,2',5'; and 2,4,5,2',5' were included as positive controls for degradative activity, and 2,4,6,2',4'-and 3,5,3',5'-chlorobiphenyls were included as internal standards. Table 3 gives the results obtained from these assays with A. eutrophus H850. Of the seven congeners chlorinated at positions 2,4,6 on one ring, 2,4,6-and 2,4,6,2',5'-chlorobiphenyls were partially degraded, whereas the others were not. These results suggest that the 2,4,6 ring is not readily attacked by H850 and that the chlorination pattern on the second ring will determine whether a congener substituted at positions 2,4,6 can be degraded by this strain. Furthermore, 2,6-dichlorobiphenyl and 2,4,6-trichlorobiphenyl were poorly degraded, even though each of these congeners has an unsubstituted ring. Remarkably, however, congeners with these chlorination patterns were more readily degraded by H850 when the second ring was chlorinated at carbon positions 2' and 5'; i.e., 2,5,2',6'-and 2,4,6,2',5'-chlorobiphenyls were more rapidly degraded than 2,6-and 2,4,6-chlorobiphenyls, respectively. Moreover, 2,3,6,2',3',6'-hexachlorobiphenyl (which is equivalent to 2,5,6,2',5',6'-hexachlorobiphenyl) was more readily degraded by H850 than was 2,6,2',6'-tetrachlorobiphenyl. Thus, these assays suggested that, in H850, degradation of congeners chlorinated at both ortho positions on a single ring (i.e., 2,6) is enhanced by chlorination of the second ring at carbon positions 2',5'. These conclusions have been confirmed (D. L. Bedard, R. J. May, and M. L. Haberl, manuscript in preparation).
The examples given above further illustrate the kind of information that can be obtained from defined congener assays. However, we caution that absolute rates of degradation should be determined with individual congeners in the presence of an appropriate internal standard, since we now have evidence that the degradation of any one congener in a mixture may be influenced by the other congeners present (compare the degradation of 4,4' in mixtures 3B and 4B [ Table 3] ).
In addition, because of the volatile and insoluble nature of PCBs, it is critical to substantiate the results of depletion assays such as the one described by demonstrating products of PCB degradation. The results of our metabolite assays have been described elsewhere (3, 11; Bopp, in press).
The use of these congener mixtures to rapidly identify microorganisms with exceptional PCB-degradative competence will further our understanding of the environmental fate of PCBs and the biochemistry of PCB biodegradation and will have an impact on the development of effective biodegradative processes for cleanup of PCBs.
